The electrochemical behaviour of haemoglobin denatured using different concentrations of urea was investigated at the liquid|liquid interface. The reverse peak current varied with the concentration of urea, allowing the building of the unfolding curve, which compares well with UV-Vis absorbance results. Thermodynamic parameters, such as the change in free energy of folding in water, w G ∆ , and the index of the compactness of the protein, m, were extracted from the experimental data. The work here presents a simple electrochemical method for the study of protein unfolding by electrochemistry at the liquid | liquid interface.
Introduction
The function of protein is defined by its tertiary structure. Disruption of this tri-dimensional structure is due to a variety of factors (temperature, pH, denaturing agents, solvents), which cause the loss of the protein activity. Protein unfolding / folding mechanisms are traditionally investigated by spectroscopic techniques (fluorescence, UV-Vis, circular dichroism) [1] . However, electrochemical methods have been developed to investigate protein unfolding mechanisms using, protein filmmodified electrodes [2] [3] [4] [5] [6] and mercury electrodes [7] [8] . Detection of protein unfolding at proteinfilm electrodes is generally based on the release of redox-active groups, such as the haem groups of haemoglobin (Hb). In the folded form of Hb, the haem is buried within the structure and is not accessible for electron transfer reactions with the electrode. During the unfolding of Hb, the haem becomes more and more available and increasing peak currents are observed for increasing denaturant concentrations [2] [3] . At mercury electrodes, an electrocatalytic hydrogen evolution was used to distinguish between native and de-natured protein [7] .
The electrochemical behaviour of proteins [9] [10] [11] [12] [13] [14] [15] at the interface between two immiscible electrolyte solutions (ITIES) has been reported recently. Proteins adsorb at the interface and assist the transfer of anions from the organic phase electrolyte to the aqueous phase. The complex formed between the protein adsorbed at the ITIES and the anions of the organic phase leads to changes in the protein conformation [10, 16] . These interactions between lipophilic anions and proteins adsorbed at the interface were confirmed by biphasic electrospray ionization mass spectrometry [17] , where adsorbed lysozyme molecules form complexes with tetrakis(4-chlorophenyl)borate (TPBCl -) of stoichiometry 1:1, 1:2 and 1:3 (lysozyme:TPBCl -). Recent studies have demonstrated that the electrochemical response of proteins at the ITIES is greatly influenced by disruptions of their structure, whether achieved by the presence of a chemical denaturant [18] or by proteolysis [19] . In the presence of urea, the electrochemical behaviour of Hb was greatly altered leading to a lower peak current and charge [18] .
We report here the investigation of Hb unfolding by increasing urea concentrations monitored by cyclic voltammetry (CV) at the ITIES. The results obtained are compared to those achieved using UVVis spectroscopy studies.
Experimental section 2.1 Reagents
All chemicals were purchased from Sigma-Aldrich Ireland Ltd and were used as received. The organic phase electrolyte solution was 1,2-diclhoroethane (1,2-DCE) containing 10mM bis-(triphenylphosphoranylidene) ammonium tetrakis(4-chlorophenyl)borate (BTPPA + TPBCl -), which was prepared by metathesis of bis-(triphenylphosphoranylidene) ammonium chloride (BTPPA + Cl -)
and of potassium tetrakis(4-chlorophenyl)borate (K + TPBCl -) [20] . Purified water (18.2MΩ cm) used for all the aqueous solutions was from an Elgastat system (Elga, UK).
Instrumentation
A PGSTAT30 potentiostat (Ecochemie B.V., The Netherlands) was used for all electrochemical experiments. A four-electrode glass electrochemical cell was used, where the interfacial potential was controlled between the organic reference and the aqueous reference electrodes (both Ag|AgCl wires). The current was measured using two Pt mesh counter electrodes. The geometric interfacial area was 1.12cm 2 and the interface was flat in appearance. A positive current corresponds to the transfer of a cation from the aqueous phase to the organic phase, or of an anion from the organic to the aqueous phase. A negative current corresponds to the transfer of a cation from the organic to the aqueous phase or of an anion from the aqueous to the organic phase. The UV-Vis spectra were obtained with a S12 Biochrom UV-Vis spectrophotometer (purchased from Brennan & Company, Dublin, Ireland). The solutions analysed contained 100µM Hb in xM Urea + 0.15M HCl + 0.15M KCl (where x is the concentration of urea in the solution). Absorbance measurements were made in a quartz cuvette at λ = 400nm.
Method
CV was used for all electrochemical investigations. An electrochemical cell containing both immiscible electrolyte solutions was set up as follows: Ag| AgCl | Aqueous electrolyte || 10mM
Solutions of known concentration of Hb were prepared daily in the appropriate aqueous electrolytes (10mM HCl or 0.15 MKCl + 0.15M HCl + x M urea). Aliquots of these solutions were added to the aqueous phase electrolyte solution. All CVs were carried out in triplicate. Figure 1 shows the CVs of Hb at the ITIES with aqueous phases of 10mM HCl or 0.15M HCl + 0.15M KCl, the latter being the background electrolyte used for protein denaturation in the presence of urea. Significant differences can be observed due to the change of the electrolyte. The 0.15 M HCl + 0.15M KCl solution has a pH of 0.8 as opposed to the pH 2 of the 10mM HCl. The ionic strength, I c , of the 0.15M HCl + 0.15M KCl electrolyte solution is higher (0.3M) than that of the 10mM HCl electrolyte solution (0.01M). Both pH and I c have a strong influence on the protein conformation [13] so changes in the voltammograms were expected. Scanlon et al. investigated the impact of these two parameters separately on the CVs of lysozyme at the ITIES [13] . An increase of the aqueous phase pH leads to an increase of the peak currents, whereas the peak currents decreased when the ionic strength of the solution increased. In Figure 1 , the peak of the forward scan is attributed to the adsorption of the protein on the interface and protein-facilitated transfer of background anions from the organic phase; at the higher ionic strength, the forward peak is not as well-defined as for lysozyme [13, 17] . However, a greater peak current (i = -51.8µA) is recorded on the reverse scan with the 0.15M HCl + 0.15M KCl electrolyte solution than with the 10mM HCl electrolyte solution (i = -20.5µA). In subsequent experiments, the aqueous phase selected was 0.15M HCl + 0.15M KCl. The presence of 4M urea in the 0.15M HCl + 0.15M KCl solution resulted in a further increase of the reverse peak current (i = -116.8µA)for 5µM Hb (Figure 1) . At low pH, Hb is partially unfolded, with parts of the tertiary structure unaffected [21] [22] [23] . Urea destabilises hydrophobic interactions to fully unfold the protein structure [24] .
Results and discussion
CVs of Hb in the presence of increasing concentrations of aqueous phase urea are shown in Figure 2 . On the forward scan, the peak for the adsorption of the protein changed somewhat with the urea concentration. However the reverse peak due to Hb was better defined and showed a better sensitivity to the concentration of urea (inset, Figure 2 ). A decrease in reverse peak current occurred around 4.5 -5M urea and then leveled-off for urea concentrations greater than ca. 6 M. Urea interacts with both the hydrophobic and hydrophilic parts of Hb, leading to the alteration of the hydrophobic interactions and hydrogen bonds that keep the protein in its native form [25] [26] . Protein unfolding modifies its tertiary structure, leading to a change in the number of amino acids available for interaction with the anion of the organic electrolyte solution.
UV vis spectrophotometry and electrochemical results for urea induced Hb unfolding are compared (Figure 3 ). The unfolding percentage was calculated using equation (1) [27]:
where f represents the peak current / absorbance value at a given urea concentration, f f the value in the native state and u f the value in the unfolded state. There is a shift of approximately 2 M for the half-wave urea concentration between the spectrophotometric and the electrochemical values. A similar shift was observed for Hb unfolding investigated at bare glassy carbon electrodes [2] . The difference may be due to the monitoring of different processes by the two methods. UV-vis spectrophotometry monitors the release of the haem prosthetic group from the protein matrix, while CV at ITIES monitors the ability of organic phase anions to interact with the adsorbed protein.
These are distinct processes, so some difference may be expected in the results. The results 
G ∆ is extracted from the experimental data using equation (3):
The thermodynamic parameters, shown in Table 1 , compare well to the published data for the unfolding of Hb with urea using fluorescence and electrochemical measurements at a clay-modified electrode [6] .
Conclusions
The unfolding of Hb by urea was monitored by CV at the ITIES. This simple and effective electrochemical approach is based on the variation of the interactions between the protein and the organic electrolyte anion induced by the presence of urea in the aqueous phase. Parameters such as percentage unfolding, free energy of folding and protein compactness can be extracted from these experiments, leading to label-free biophysical studies of non-redox active proteins at the ITIES.
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